Measuring the spin polarization and Zeeman energy of a spin-polarized electron gas: 
Comparison between Raman scattering and photoluminescence 
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We compare resonant electronic Raman scattering and photoluminescence measurements for the 
characterization of a spin-polarized two-dimensional electron gas embedded in Cdi_i;Mni,Te single 
quantum wells. From Raman scattering by single-particle excitations in a zero magnetic field, we 
measure the Fermi velocity and then obtain the Fermi energy (as well as the electron density), 
which is comparable to that extracted from photoluminescence for moderate electron densities, 
assuming a bare band-edge mass. At large electron densities, the Fermi energies derived from 
Raman scattering and photoluminescence differ. For an applied in-plane magnetic field and zero 
wave vector transferred to the electron gas, Raman scattering spectra show peaks at both the Zeeman 
energy Z, resulting from collective excitations of the spin-polarized electron gas, and the one electron 
spin-flip energy Z* . Magneto-photoluminescence spectra show conduction band splitting that are 
equivalent to Z, suggesting that collective effects are present in the photoluminescence spectra. 
Assuming (as before) an uncorrected mass, the degree of spin polarization C, determined from the 
magneto-photoluminescence lineshape is found to differ from that derived from the magnetic field 
dependent Raman scattering measurements for large electron densities. We attribute the discrepancy 
in measuring C, and the Fermi energy to the renormalized mass resulting from many-body electron- 
electron interactions. 



PACS numbers: 72.25.Dc, 73.21.-b, 78.30.-j, 78.55.-m 

I. INTRODUCTION 

Over the last couple of decades, two-dimensional elec- 
tron gases (2DEGs) embedded in quantum wells have 
provided a unique means for understanding many-body 
exchange and correlation effects (of the Coulomb inter- 
action). However, direct study of spin-polarized two- 
dimensional electron gases, important for the under- 
standing of spin-physics, only began in the last decade. 
This is due in part to advances in growth techniques 
of dilute semi-magnetic quantum wells with high elec- 
tron mobilities fi especially those of II- VI materials which 
serve as ideal systems to study the spin-polarized case, 
and in part to applications in spintronics - the use of elec- 
tron spin in semiconductor devices as opposed to electron 
charge.^ 

In II- VI paramagnetic heterostructures, spin polariza- 
tion of the 2DEG is achieved through the application 
of an external magnetic field. This produces a large 
Zeeman splitting, induced through exchange interaction 
between the conduction band electrons of the quantum 
well and the Mii^+ ions. This means that in small mag- 
netic fields, spin quantization dominates over orbital 
quantization leading to a spin-polarized 2DEG rather 
than quantum Hall states as found in GaAs quantum 
wellsj^i^ Further, for the same electron density Ug, the 
dimensionless coupling constant r^, which describes the 



strength of many-body electron-electron interactions, de- 
fined as l/(aBv^7m7), is large due to the small Bohr ra- 
dius Ob that these materials exhibit. Corrections due to 
exchange-correlations, therefore, become important and 
will inevitably renormalize the electron mass^i^ and the 
Zeeman splitting^S. and hence, affect the manner in which 
the spin polarization degree and the Fermi energy of an 
electron gas are determined by spectroscopy. 

In this work, we present a quantitative comparative 
study of fundamental parameters - the Zeeman energies, 
the spin polarization degree, the electron density and the 
Fermi energy - of a spin-polarized 2DEG embedded in 
Cdi-ajMn^; Te single quantum wells using resonant elec- 
tronic Raman scattering and photoluminescence (PL) in 
both zero and applied magnetic fields in the Voigt config- 
uration. We will demonstrate that our PL results show 
collective behavior, allowing us to extract the bare Zee- 
man energy instead of the renormalized one while Ra- 
man scattering measurements show both. Additionally, 
we will show that for the range of densities accessible by 
us (rs between 1.8 and 3), an understanding of the renor- 
malization of mass due to exchange-correlation effects is 
needed to explain the difference we observe in our mea- 
surements for the spin polarization and the Fermi energy 
for large electron densities using both Raman scattering 
and PL. 

PL is a widely used spectroscopic tool for probing inter- 
band electronic excitationS i^'^'^^d^d'^d^i^^d^d'' In a zero 
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magnetic field, PL corresponds to electrons excited by 
absorption of photons above the absorption edge of the 
2DEG: an electron is excited into the conduction band 
and a hole is created in the valence band. The hole then 
relaxes to the top of the valence band where it becomes 
localized due to ionized impurities and potential fluctua- 
tions, while electrons thermalize with the Fermi sea. This 
is followed by a recombination of the conduction band 
electrons with the localized holes. Wave vector conserva- 
tion is relaxed, allowing for recombination of all electrons 
with any finite wave vector. The result is a broad line- 
shape, the spectral width of which corresponds to the 
Fermi energy (neglecting Coulomb interaction of the re- 
combining electron and hole). In an applied magnetic 
field, both electron and hole bands split into two spin sub- 
bands, and recombination processes occur between these 
bands (see section IV. B. 2). 



Raman scattering is also a well-established tool for 
studying low energy intra-band elementary excitations 
of electron gases embedded in semiconductors. In the 
polarized configuration, in which the incoming and the 
outgoing light have the same polarization, Raman scat- 
tering probes charge-density fluctuations (plasmons) and 
single-particle excitations of an electron gas.-^'i^'i^'^i^ 
In the depolarized configuration, in which the incoming 
and outgoing light polarization are orthogonal to each 
other, it probes, in zero applied magnetic field, spin- 
density excitations^ and single-particle excitations,^^ and 
in an applied magnetic field, it also probes spin-fiip 
excitations 



II. SPIN-POLARIZED TWO-DIMENSIONAL 
ELECTRON GAS AND THE CARRIER DENSITY 

A. Single-particle excitations and the Zeeman 
energies 

Single-particle excitations (SPE) correspond to the ki- 
netic energy change due to the transfer of wave vector 
to an electron gas by an exciting light source. To access 
the true excitation spectrum of single electrons across the 
Fermi disk, Raman scattering in the polarized configura- 
tion is used since screening mechanisms due to plasmons 
are killed under strong resonance conditionsi^^ Thus, in 
a zero magnetic field, the dependence of the SPE spec- 
tra on the in-plane wave vector gives the Fermi velocity. 
From the Fermi velocity and independent knowledge of 
the effective mass^^ the electron density and the Fermi 
energy can be deduced for an electron gas (see section 
IV.A). 

In an applied magnetic field and for zero wave vector 
transferred to the electron gas, the energy of the collec- 
tive spin-fiip excitation, corresponding to all electrons si- 
multaneously flipping their spin from spin-down to spin- 
up and vice versa, has been shown to follow Larmor's 
theorem"^ and to equal the bare Zeeman energy Z [see in- 
sert (a) of Fig. [3] In the presence of electron-electron 
interactions, the energy of the single electron spin-fiip 
excitation, corresponding to a single electron flipping its 
spin, is shifted from Z by a local exchange-correlation 
field and leads to a renormalized Zeeman energy Z* [see 
insert (b) of Fig. [5] ^iSiiSS 

B. Spin polarization 



This paper is arranged as follows. We describe and 
define the various excitations of a spin polarized two- 
dimensional electron gas, the bare and the renormalized 
Zeeman splitting energies, and the spin polarization in 
sections II. A and II. B. In section II. C we compare a few 
methods for obtaining the Fermi energy and the carrier 
density. The samples and experimental setup are pre- 
sented in section III. Experimental results are given in 
section IV for both Raman scattering and PL measure- 
ments in two parts: section IV.A presents the zero mag- 
netic field results for the determination of the Fermi en- 
ergy and section IV. B presents the magnetic field depen- 
dent measurements for deducing the degree of spin po- 
larization, the bare and renormalized Zeeman splitting, 
Z and Z*, respectively. We will discuss our results in- 
depth in section V, beginning with a comparison of the 
obtained Fermi energy values in section V.A; an inter- 
pretation of the PL lineshape and the Raman scattering 
results in terms of collective and single-particle behavior 
is given in section V.B, and in section V.C we end with a 
discussion of the spin polarization values obtained from 
PL and Raman scattering. Finally, we conclude in sec- 
tion VI. 



The degree of spin polarization of an electron gas is 
defined as 

C = («T-«i)/("T+"i) = (fcFT-4i)/(fcFT+4i), (1) 

where (ri|) is the density of spin-up (spin-down) elec- 
trons, and fep-f (fcpj.) is the Fermi wave vector for the 
spin-up (spin-down) electrons. Assuming the same effec- 
tive mass for the spin-up and spin-down subbands, which 
are split by Z* [refer to the inserts of Fig. [3], C can also 
be expressed as: 

C = -Z72£^f(0), (2) 

where -Ef(O) [= Tt^ims/m* , m* is the effective mass] is 
the Fermi energy in zero magnetic field. 

A few groups have considered the spin polarization 
degree of 2DEGs in quantum wells. For example, 
in a previous study, Lemaitre and co-authors pointed 
out the full spin polarization state of electrons embed- 
ded in Cdo.02Mno.98Te quantum wells using magneto- 
absorption studies in the Faraday geometry.^^ Indepen- 
dently, Astakhov et alM' also deduced the spin polar- 
ization degree from the oscillator strength of charged 
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excitons in CdMnTe quantum wells using magneto- 
reflectivity measurements. In the first case, the spin- 
polarized physics is dominated by Landau quantization 
effects in the Faraday configuration. In the second case, 
low electron densities were considered with trion and ex- 
citon states dominating. For a degenerate electron gas 
out of Landau quantization, it is important to find alter- 
native means of obtaining the Coulomb modified spin po- 
larization. We will show that this possibility is afforded 
by both Raman scattering and PL. 



C. Density and Fermi energy measurements 

Carrier density, and essentially the Fermi energy by 
the definition above, in modulation-doped quantum wells 
have been measured by several means in the past. We 
discuss a few of these methods as follows. For low {^-^ 
10^" cm~^) to very low electron densities (~ 10^ cm~^), 
optical detection of (dimensional) magneto-plasma reso- 
nance was used to determine electron densities in III-V 
quantum wells )^ and for high mobility carriers and con- 
centrations, magneto-transport methods have been used 
for III-V materials;^ However, due to low mobility car- 
riers in II- VI systems as compared to III-V systems, it 
is difficult to measure the carrier density by these means 
since the cyclotron frequency is smaller than the inverse 
of the relaxation time to be observed by far-infrared or 
microwave spectroscopy. We note that although our sam- 
ples have high carrier mobilities and concentrations, the 
presence of Mn impurities renders transport measure- 
ments difficult. For such systems, carrier concentrations 
have been determined by other means: for example, by 
measuring the Moss-Burstein shift, in which the differ- 
ence between the PL maximum and the absorption peak 
is determined jiiiii by filling factors of Landau levels in 
transmissioUfiiii^ and through magneto-reflectivity spec- 
tra of charged excitons.'^" 

An additional way of extracting carrier concentration, 
which has worked for II- VI and III-V systems, is the mea- 
surement of the PL linewidth;^'*'^'^ however, due to dis- 
order effects and wave vector break down, this method 
can sometimes provide inaccurate information (as we will 
show later in section IV. A. 2). An adequate fitting 
model is necessary to determine the density from the PL 
lineshapCfS^ Another method for extracting carrier den- 
sities in quantum wells is dispersive Raman scattering 
of intra-subband plasmons which has been demonstrated 
for both III-V systems'^^ as well as II- VI systemsji^i Dis- 
persive Raman scattering by plasmons, while shown to 
provide an excellent estimation of the electron density, 
also suffers from drawbacks. The observation of the plas- 
mon mode in certain materials is limited by disorder and 
it becomes difficult to access by Raman scattering. "^^ In 
this paper, we will focus on the determination of the elec- 
tron density and the Fermi energy from an analysis of the 
PL lineshape and by Raman scattering of single-particle 
excitations. With the exception of a few reportSj^i^'^'^S 



the above means of measuring the density (the Fermi 
energy) have not considered the influence of the mass 
renormalization due to many-electron interaction, which 
we will show is important. 

III. SAMPLES AND EXPERIMENTAL SETUP 

Raman scattering and PL measurements were carried 
out on several samples with differing Mn^+ concentra- 
tion and electron density. The structures were grown by 
molecular beam epitaxy on GaAs substratesji The Mn^+ 
concentration ranged from 0.46 % to 1.1 % and was de- 
termined from Raman scattering measurements (see sec- 
tion IV. B.l). As a representative, one sample that we 
will constantly refer to for our comparative study, sample 
B, had a 15 nm thick Cdi_a;Mna;Te quantum well with 
Mn^+ concentration of a: = 0.75%. The barriers of our 
quantum wells were made of Cdi_j,Mgj,Te with y — 15 
% Mg. Modulation doping was achieved by introducing 
iodine within the Cdi_j,MgyTe top barrier with a spacer 
thickness of 40 nm. Our samples were immersed in su- 
perfluid helium (~ 1.5 K). A tunable Ti-sapphire laser 
(pumped by an Ar"^ laser), with power densities below 

0. 1 W/cm^ to avoid heating the Mn^+ ions, was used 
as exciting laser source. The laser was tuned to resonate 
close to the transitions between the first conduction band 
and the first heavy- hole band of the quantum well {EiHi 
absorption edge) at « 1.62 eV. For magnetic field depen- 
dent studies, our samples were mounted in the center 
of a 4.5 T superconducting solenoid producing a mag- 
netic field in the plane of (Voigt configuration) and per- 
pendicular to (Faraday configuration) the quantum well. 
Raman scattering measurements were carried out in the 
back-scattering geometry. 

IV. EXPERIMENTAL RESULTS 

A. Zero magnetic field 

In this section, we will determine the Fermi energy and 
the electron density of our 2DEG systems using both Ra- 
man scattering and PL. We will begin with the determi- 
nation of the Fermi velocity and then the Fermi energy 
Ey, Raman (0) by dispcrsivc Raman scattering of SPEs. 
Later, we present results on the PL lineshape and de- 
duce the Fermi energy E-p^ pl(0). 

1. Fermi velocity determination from Raman scattering by 

SPEs 

Fig. [T{a) shows Raman scattering spectra by SPEs in 
the polarized configuration, at various in-plane wave vec- 
tors for sample B. For a given wave vector the inten- 
sity of the SPE line extends from zero to a maximum 
with peak at fiv-pq, where vy is the Fermi velocity. The 
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Raman Shift (meV) Wave Vector q (nm ') 



FIG. 1; (a) Raman scattering spectra (dots) by SPEs for dif- 
ferent wave vectors g, and line fit using tiie Lindiiard dielectric 
function (solid lines), for sample B. A background contribu- 
tion is also included in the spectral line fits, (b) Peak posi- 
tions of the SPE lines shown in (a), plotted as a function of 
q. The Fermi velocity is obtained from the slope in (b). The 
density and the Fermi energy Ef, Raman (0) of the electron gas 
are then extracted from the line fitting in (a) and the Fermi 
velocity in (b) using the uncorrected mass (see text). 

linear dependence of its frequency (= v-pq -\- hq^ /2m*) 
on the corresponding g, for small q values, results in 
a slope which is proportional to up- We obtain in 
two ways. In the first, we take the value of the peak 
position of the SPE lines, shown in Fig. [IJa) for vari- 
ous wave vectors and plot them as a function of q in 
Fig. [TJb) . The slope of the resulting line gives v-p . Us- 
ing the bare band-edge mass mb[= 0.105mo)^ obtained 
from cyclotron measurements, we determine the electron 
density and the Fermi energy, which we define as 

£^F, Raman (0) = (l/2)mfcUF^ = Tt^nns/mb. (3) 

In the second approach for obtaining v-p, we use the 
Lindhard dielectric response function, including a broad- 
ening parameter (~ 0.12 meV) to phenomenologically 
account for the finite lifetime of the electron states and 
numerically integrating over the Fermi disk as outlined in 
Refs.fislandfiol. We again use mf, in our fit. Note that the 
values deduced from the Lindhard fits [shown in Fig.[TJa) 
as solid lines] serve as checks for the values obtained from 
the SPE peak position. In Fig. [TJa), we describe the 
background upon which the SPE line rides, associated 
with the upper tail of the luminescence, as an exponen- 
tial function, increasing towards lower absolute outgoing 
photon energies. This background was then added to the 
Lindhard function to enable a fit to our data, shown in 
the figure. From each fit, a value for vp was determined 
and an average was taken over the range of wave vectors 
explored. Ep^ Raman (0) Bind ris were then obtained using 
Eq. ([3]). These values, from the Lindhard fit, are given 



in Table I for all samples studied. In the case of sam- 
ple B, from the Lindhard fit, rig and Ep^ Raman(O) were 
found to be 2.9 x 10^^ cm~^ and 6.5 meV, respectively. 
The values determined from the SPE peak position, for 
the same sample, for Us and Ep_ Raman(O) were 2.7 x 10^^ 
cm~^ and 6.2 meV, respectively, such that there is a good 
agreement between the two methods. The peak position 
coincides with the maximum of the Lindhard dielectric 
response function and hence the good agreement with the 
line fitting is as expected for all samples, except sample 
E: Ep^ Raman (0) obtained from the Lindhard fit was 6.1 
meV while that obtained from the peak position was 5.5 
meV (see section V.A for further discussion and compari- 
son with the Fermi energy value determined from the PL 
lineshape). 



2. Fermi energy determination from the photoluminescence 
lineshape 

We now consider extracting Ep^ pl(0) from the PL 
lineshapes shown in Fig. [51Ja). The PL lineshape shows a 
characteristic peak or maximum, which without disorder 
is associated with the energy gap recombination. The 
intensity decreases gradually with increasing photon en- 
ergy to form a shoulder and then an edge positioned at 
the energy gap plus the Fermi energy. By naively tak- 
ing the difference between the PL maximum and the PL 
edge, as illustrated in Fig.l^^a) for sample B, one obtains 
Fermi energy values that are less than those predicted 
by the Raman scattering measurements. These values 
are given in Table I and labeled Sp, pl pcak(O). For ex- 
ample, for sample C, we obtained Ep^ pl pcak(O) = 3.5 
mcV as compared to Ep^ Raman (0) — 4.8 meV. The large 
error in estimating the Fermi energy is due to the pre- 
cise determination of the fundamental band gap from the 
PL spectra. Broadening due to disorder causes the en- 
ergy gap to be different (shift to lower energy) from the 
PL maximum; therefore, an adequate model is needed 
to extract Ep^ pl(0) from the PL hneshape-^i^i^ We 
perform such a PL lineshape fitting analysis using a phe- 
nomcnological model described below. 

Christen and Bimberg^ reported a detailed calcula- 
tion on PL profiles of quantum wells by considering, 
separately, free-electron, free-hole and excitonic recom- 
bination processes, and by accounting for broadening 
effects due to thermal distribution of carriers and in- 
terface roughness or composition fluctuations and fi- 
nal state recombination processes. In addition, the au- 
thors considered both wave vector conservation and non- 
conservation. In the same spirit, we present a phe- 
nomcnological model that describes the PL lineshape 
of our 2DEG systems. We assume a parabolic band 
throughout this paper, neglect lifetime broadening due 
to final state recombination processes, and assume an in- 
finite heavy-hole mass (so that the valence band is flat 
with respect to the conduction band), as the holes are 
localized. Note that for the electron densities considered 
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FIG. 2: (a) (Color online) Normalized PL spectra for several chosen samples with different Mn^^ concentration and electron 
densities. The Fermi energy values are extracted from the PL lineshape as explained in the text. The PL lineshape for sample 
B shows an approximate measure of the Fermi energy value (vertical dotted lines) given as Ep^ pl pcak(O) in Table I and the 
PL lineshape fitting (blue dash line), (b) Schematics of the conduction band (CB) and valence band (VB) used in our fitting 
model given in Eq. Q. A sample PL spectra is shown, depicting contributions to the various components in the expression 
(see text). 



TABLE I: Sample Parameters. Values of wf, Raman, fis and -Bp, Raman (0) were determined from the Lindhard lineshape fits, 
as described in section IV. A. 1. Determination of -Bp, pl(0) is described in section IV. A. 2. The manganese concentration is 
determined from the Raman measurements, described in IV. B. 



Sample 


ris 


xMn 


't'F,Rainan 


-Bf, Raman (0) 


-Bp, PL pcak(O) 


Ef: pl(0) 




(xlO"cm-2) 


(%) 


(xlO^cm/s) 


(meV) 


(meV) 


(meV) 


F 


1.6 


0.82 


11.1 


3.6 


3.0 


4.2 


H 


1.9 


0.96 


12.1 


4.4 


3.6 


4.6 


C 


2.1 


0.79 


12.7 


4.8 


3.5 


4.6 


I 


2.2 


0.96 


13.0 


5.0 


3.3 


4.6 


D 


2.3 


0.78 


13.3 


5.3 


4.1 


5.3 


G 


2.3 


0.84 


13.4 


5.4 


4.3 


5.4 


J" 




1.10 






2.8 


4.2 


E 


2.7 


0.81 


14.3 


6.1 


3.8 


5.2 


B 


2.9 


0.75 


14.9 


6.5 


7.2 


8.5 


A 


3.0 


0.46 


15.1 


6.8 


7.0 


8.2 



"fp could not be obtained from Raman scattering. 



in this paper, Coulomb interaction between the Fermi 
disk and the hole state, known to affect the PL lineshape 
for very low electron densities,^- has been shown to be 
inhibited by screening and phase space filling; thus, the 
PL spectrum reproduces single-particle occupancy of the 
density of statesj^i^ We can, therefore, disregard exci- 
tonic effects in the PL lineshape. We treat separately po- 
tential and energy fluctuations due to disorder effects and 



assume that the Fermi energy is constant. For noncon- 
servation of wave vector, an analogous form of equation 
18(b) of Ref. [S^ for our PL lineshape is: 

poo (x~-Eg)2 (E-x) 

I{E) ^ Af{E~EF~Eg) dxe t^^") Q{E-x)e~^ . 

Jo 

(4) 

Going from left to right of Eq. ([3]), ^ is a proportionality 
constant and f{E — Ep — Eg) is the Fermi distribution 
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function, where Eg is the average energy gap, E-p is the 
Fermi energy and E is the photon energy. The Gaus- 
sian envelope function with 7 accounts for broadening 
due to disorder effects on the low energy side of the PL 
spectrum, and it corresponds to the width of the fluctu- 
ations in energy of the hole band due to disorder. The 
hole state, because of its heavy mass, is readily sensitive 
to electrostatic potential fluctuations caused by disorder 
effects resulting in hole localization. Since the electron 
mass is smaller than the hole mass and screening effects 
dominate in the electron plane, we assume zero poten- 
tial fluctuation for electrons.-'^- The integral parameter x 
is the local energy gap, the modified gap as a result of 
the fluctuating hole energy states. The unit step func- 
tion 0(E — x) is included to account for the electron and 
hole joint density of states. We have assumed an expo- 

nential decay function e ^« for the wave vector break 
down since this function gives a better description of the 
high energy portion of the PL lineshape compared to a 
Lorentzian or Gaussian function.— Es is a constant asso- 
ciated with wave vector nonconservation and it relates to 
localization of the hole band in A; - space due to in-plane 
potential fluctuations!^ These contributions are depicted 
in Fig.H^b). 

The adjustable parameters used in fitting our data 
[shown in Fig. El^a)] in Eq. (jH) arc A, 7, Eg, Es and 
E-p. We emphasize that the influence of these parameters 
on the lineshape fitting model is well separated so that 
each parameter is uniquely determined. We have used 
Th = Tf, = T = f .5 K, the experimental temperature. A 
sample fit is displayed in Fig. [^fa) as blue dash line for 
sample B. The discrepancy between the fit and exper- 
iment at the Fermi edge results from the presence of a 
Fermi edge singularity. The values obtained for Ep^ pl(0) 
are given in Table I for all samples. The values for Es, 
Eg and 7 range from ~ 2 to ~ 5 meV, 1602 to 1617 
meV and ~ 0.7 to ^ 1.2 meV, respectively. For such 
a simplified fitting model, we find that Ep^ pl(0) and 
Ep^ Raman (0) are identical except for samples A, B, and 
E. For sample B, Ep^ pl(0) = 8.3 meV, much larger than 
Ep^ Raman (0) = 6.5 meV. We wiU discuss the results fur- 
ther in section IV. A. Next, we analyze the PL lineshape. 



3. Further analysis of the PL lineshape 

We comment on additional features of the PL line- 
shape. First note that, in Fig.l^^a), the energy gap (near 
the PL maximum) increases in energy with increasing 
Mn^+ concentration, going from sample A to sample J. 
The fitted values evolve from 1602 to 1617 meV. The de- 
pendence of the energy gap on Mn^"*" concentration has 
been reported by Matsuda et alM- on CdMnTe systems 
and independently by Kossut et al^ 

Secondly, the PL lineshape gradually changes from 
sample A (large density) to sample J (low density) , show- 
ing a gradual smearing of the shoulder near the Fermi- 
edge. Similar observations were made on Cdi_j;Mn2;Te 



quantum wells, for example, in Ref. Is' and in Ref. [Tsl . 
The behavior was qualitatively attributed to potential 
fiuctuations which causes non- vertical recombination be- 
tween conduction electrons and photo-generated holes. 
Depending on the amplitude of the potential fluctuation, 
related to Es in our model, the PL line peaks at the zone 
center (as is the case for sample A) or extends to the 
PL edge (as is the case for sample J)ii^ii^ This effect in- 
creases with decreasing electron density as observed from 
sample A to J due to increasing sensitivity of electrons 
to the potential fluctuation. We therefore fit the PL line- 
shape considering potential fluctuations in the electron 
plane. For sample A, we obtained Eg ^ 2 meV and for 
sample J, we obtained Es ^ 5 meV. 



B. Magnetic field effects 

We now present the magnetic field dependent results. 
As in the last section, we will start with Raman scattering 
measurements and later present the magneto-PL results. 



1. Zeeman energies from Raman scattering 

Under a small magnetic field, the lowest conduction 
subband splits into two spin bands as shown in the in- 
serts of Fig. [21 In the depolarized configuration, the SPE 
spectrum consists of excitations from the majority (elec- 
trons having spin-down with density n^) to the minor- 
ity spin subbands (electrons having spin-up with density 
n|). The spin-fiip Raman spectra in Fig. [3] show two fea- 
tures below 6 meV: at 5 = 0, these lines are attributed 
to the collective spin-fiip excitation, insert (a), and the 
single-particle spin-flip excitation, insert (b), correspond- 
ing to the bare Zeeman splitting Z and the renormal- 
ized Zeeman splitting Z* , respectively.^'^'* The energy 
value of Z* is greater than Z because of the renormal- 
ization of the spin subband separation due to exchange- 
correlation interactions.^'*'^* With a knowledge of Z* and 
the Fermi energy obtained in section IV. A, the degree 
of spin-polarization in our quantum wells can be deter- 
mined. Also, knowing Z , the Mn^+ content of our quan- 
tum wells can be obtained. We shall discuss the spin 
polarization values deduced from Raman scattering in 
section V.C. 

In Fig. m we show the extraction of the Mn^+ concen- 
tration for sample B using the modified Brillouin func- 
tion. The Brillouin function describes the thermody- 
namic average of the spin state of Mn^+ ions and is re- 
lated io Z hy Z = —Noax{Sz{B,T)), where a is the 
exchange integral, Nq is the number of unit cells per unit 

volume, {S,{B,T)) = 5o^5/2 ( fc|(T+To) ) is the Brillouin 
function, x is the mole fraction of Mn^+ , the spin value 
is ^ 5/2 for our Mn^+ concentration, fiB is the Bohr 
magneton, g = 2, and So and Tq are parameters associ- 
ated with the manganese atoms.'^ The magnetic field de- 
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1 2 3 4 5 

Raman Shift (meV) 



FIG. 3: Raman scattering measurements on sample B for var- 
ious in-plane magnetic fields (Voigt configuration). Two lines 
corresponding to the collective and individual spin-flip exci- 
tations associated with the bare Zeeman splitting Z and the 
renormalized Zeeman splitting Z* , respectively, are shown, in 
accordance with Larmor's theorem at zero wave vector. The 
inserts (a) and (b) show the spin-splitting of the conduction 
band with two spin populations: spin-up n| and spin-down 
ny. Insert (a) shows the collective spin-flip of electrons from 
the spin-down subband to the spin-up subband, and insert 
(b) shows a single electron flipping its spin from spin-down to 
spin-up subband. The corresponding separation between the 
spin subbands yields Z* . 




12 3 4 

Magnetic Field (T) 



FIG. 4: Z values (spheres) obtained from Fig. [3] and plotted 
as a function of the magnetic field for sample B. The black 
curve is a Brillouin function fitted to the data points. At 
a saturation magnetic field of 4 T, the Mn^"*" concentration 
extracted — 0.75%, Z = 3.5 meV and the temperature Tm = 
1.5 K. 



pendence of Z is well reproduced by the Brillouin curve 
(shown as a solid line) in the figure; this fit gives a Mn^+ 
concentration of 0.75 % and a temperature of 1.5 K for 
sample B. The manganese concentrations determined in 
this way are given in Table I for all samples. 



2. Zeeman splitting from magneto-PL 

In an applied magnetic field, electron and hole bands 
split; however, in the Voigt configuration, Zeeman split- 
ting within the heavy-hole band is vanishingly small in 
small magnetic fields due to the hole spin alignment in 
the growth direction. Fig. [5] shows magneto-PL spec- 
tra on sample B in the Voigt configuration. Significant 
components of Fig. [51 at high magnetic field, are features 
associated with each spin population: Fig. [5Ja), the ma- 
jority spin-split subband for the spin-down electrons and. 
Fig. [5jb), the minority spin-split subband for the spin- 
up electrons. We access these spin subbands by changing 
the polarization of the detected photons. To access the 
spin-down population, the outgoing laser beam polariza- 
tion [Es) is orthogonal to the appHed magnetic field [B). 
This is the a polarization shown in Fig. EI a) for vari- 
ous magnetic fields. For the spin-down population, the 
outgoing polarization is parallel to the applied magnetic 
field, shown in Fig.[S{b). The latter is the tt polarization. 
The schematic diagram shown in Fig. Eljc) is a depiction 
of the spin subbands and the electronic transitions cor- 
responding to the spectra shown in Fig. [5] (a) and (b). 
The edges of the PL are labeled CTcdge and TTedgo- 

For an understanding of Fig. [51 consider recombina- 
tion processes occurring between the first heavy-hole 
band and the electrons. The valence band state for the 
heavy-hole can be expressed in terms of four component 
states 4i 



(5) 



where J = ±i; ±|, and \aj\ are the probability ampli- 
tudes of the hole states relating to the transition ampli- 
tude and normalizing factors of the electron-hole recom- 
bination processes, calculated using the envelope func- 
tion approximation and plotted in Fig. [6l In Fig. [6l 
the quantization axis is chosen along the a;-direction 
and the growth direction is in the 2;-direction. At high 
magnetic fields, the heavy-hole state aligns parallel to 
the field since the best quantization is along the field 
direction4i The heavy-hole wave function is then de- 
scribed by \hh\) ~ ^ 5) +<^|||), where a_i and 
as are shown in Fig. [SI Using well-known electric dipole 
transition selection rules for a and tt photons4i 



{J'\P^\J) =2p5^ 



J,- J' 



{J'\Pa\J)^p{5J.-.^+^/iS.L-^J'). 



(6) 



(7) 
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FIG. 5: PL spectra in the Voigt configuration on sample B at various magnetic fields and 1.5 K: (a) spectra from the majority 
spin-split subband taken with the in-plane magnetic field perpendicular to the polarization of the outgoing emission; (b) spectra 
from the minority spin-split subbands taken with the in-plane magnetic field parallel to the outgoing emission, (c) Schematic 
diagram showing the electronic transitions, d) Points extracted from (a) and (b) for the following transitions: (ti, ctq, ttq , tti, 
(Jcdgc and TTedgc depicted in (c). The 7ri((Ti) transitions are identical to the ao (ttq) transitions. The difference between the ttq 
and the ao transitions gives Zpi^, refer to Fig. |3] 



where p is a constant and J' = ±i, we expect to see the 
following recombination processes (electrons to holes): ttq 
= |i) ^ I - i); ao - I - i> ^ |i>, a„ = I - i> ^ 
||) and (Ji = |i) ^ • The luminescence line is 

dominated by cto and ttq recombination processes at high 
and low magnetic fields, cri has a lower contribution than 
(To according to our calculations shown in Fig. [SI For 
intermediate magnetic fields, contributions from a_i and 
as increase and we expect to have additional processes 
TTi = I — ^) 1^) occurring and a reinforcement of cti 
= |i) ^ I — |) occurring. The cti and tti transitions are 
mirror images of the ttq and ctq transitions, respectively, 
arising from the fact that the hole spin state is impure. 
These processes are in very good agreement with our data 
shown in Figs.[5l^a) and Fig. Efb). 

The transition energies extracted from Fig. [5{a) and 
(b) are plotted in Fig. [5{d) as a function of the bare 
Zeeman energy obtained from Raman scattering (from 
Fig. 2]). Note that the PL edges in both a and tt po- 
larizations and the values for cti (tti) and 7ro(cro) nearly 
overlap, showing good agreement. The separation be- 



tween the spin-up and the spin-down subbands is equiv- 
alent to the Zeeman energy as depicted in Fig.[5Kc). The 
difference between the transition ao and ttq is expected to 
equal Z* (for an interacting electron gas). In Fig. El^d), 
however, the energy separation between the peak posi- 
tion ao and the peak position ttq, is equivalent to Z and 
not Z* contrary to our expectation. 

To check the consistency of our observation for the 
Zeeman energy, measurements were taken in the Fara- 
day geometry on sample B and this is shown in Fig.[7Ka). 
In the Faraday configuration, the magnetic field is par- 
allel to the growth axes and photoluminescence from the 
heavy-hole and light hole-bands are known to split sym- 
metrically into two circularly polarized components, a^ 
and a^ components. 4- In Fig. [Tlja), these spectra, un- 
like the Voigt spectra, are mixed with Landau oscilla- 
tions. The characteristic separation between the and 
the a~ photoluminescence is equivalent to the heavy-hole 
splitting energy of 15.7 meV at 4 T, Fig. [7] (b). From ex- 
perimentally determined values for the conduction band 
exchange integral {Noa = 0.22 eV) and that for the va- 
lence band exchange integral {No(3 = — 0.88eT^ = 4iVoa), 
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FIG. 6: (Color online) Decomposition of heavy-hole states 
in an applied magnetic field for sample B calculated for the 
Voigt configuration and a temperature T = 1.5 K. Each curve 
represents the probability amplitude of heavy-hole states in 
our quantum wells. 
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FIG. 8: Ratio of Fermi energy values obtained from Raman 
scattering and the PL lineshape fitting as a function of the 
Fermi velocity from Raman scattering. The vertical error bars 
are estimated from both PL and Raman scattering. The two 
results are identical for most samples except for samples A, B 
and E. The dash line in the figure shows identical results for 
both Raman scattering and PL. 



DISCUSSION 



A. The Fermi energy values 
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FIG. 7: Magneto-PL measurements on sample B in the Fara- 
day configuration, (a) Spectra taken at various magnetic 
fields at 1.5 K. (b) Transition energies extracted from (a). 



the heavy-hole splitting is equivalent to five times the 
conduction band splitting and therefore is expected to 
equal hZ* ^ However, the Zeeman energy value obtained 
from Fig. [7{b) is identical to as was the case in the 
Voigt configuration. We will discuss the implication of 
this observation in section V.A and compare our mea- 
sured values to the Raman scattering results. 



To investigate the Fermi energy values obtained from 
the PL and Raman scattering measurements, we plot in 
Fig. [8] the ratio E-p^ pl(0) to E-p^ Raman(O) as a function 
of wp^ obtained from Raman scattering (refer to Table 
I). Recall that in section IV. A, the Fermi energy values 
are the same for most of our samples except for samples 
A, B, and E. The uncertainties in measuring the ratio 
of Fermi energies (by the Lindhard and the PL lineshape 
fitting analysis) are shown in Fig. [5] as vertical error bars. 
The error is larger at low and large densities. Dispersive 
Raman scattering measurements are limited by disorder 
and for low electron densities (< 1.5 x 10"'^^ cm~^), the 
SPE Raman line cannot be discernible since it gets too 
close to the excitation line and this will also affect the 
lineshape fitting. Although the PL lineshape fitting could 
not perfectly fit the high density samples near the Fermi 
edge, we can determine the Fermi energy with an error 
of less than 5%. 

For samples A and B, the Sp, Raman (0) values are 
smaller than those obtained from the PL lineshape while 
for sample E, the iJp, Raman (0) value is larger. For sam- 
ple E, due to large disorder evident in the PL lineshape 
(with E(, ^ \ meV, and this is also the case for sam- 
ples J), the SPE line was difficult to fit by the Lindhard 
model. The peak position values from Raman scattering 
however gave an E-p^ Raman (0) value of 5.5 meV which 
agrees with E-p^ pl(0) — 5.2 meV. For sample A and B, 
the estimated error in obtaining iSp, pl(0) is less than 
the difference between the values for Ep^ Raman (0) and 
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Ef. pl(0), we note that the measured densities from both 
Raman scattering and PL are large. 

PL provides information on the entire curvature of the 
electron band. Hence, information on the renormalized 
mass should be accounted for in the PL lineshape. This 
means that Ep^ pl(0) includes the mass correction and 
should provide an accurate estimation of the Fermi en- 
ergy within the parabolic band approximation (and as- 
suming negligible contributions from Coulomb interac- 
tion between electrons and hole).-^^ The Raman scatter- 
ing process probes a limited region of the electronic band 
close to the Fermi energy, meaning that Raman scatter- 
ing measurements are accurate in the determination of 

Vp. 

In Fig. [51 the ratio Ep^ pi^{0)/Ep^ Raman(O), assuming 
Eq. © for £;F,Raman(0) and Ep^pl{0) = {l/2)m*vp^, 
is equal to the ratio m* /mh. In Cdi_a;Mna;Te quantum 
wells, the available information on the electron mass is 
that measured for CdTe by cyclotron resonance experi- 
ments, TOft. This mass does not include additional cor- 
rections due to many-body electron-electron interaction 
and gives only the bare mass.'** As we have assumed a 
value for this bare mass (rrifc = 0.105too)i the absolute 
values found for m* /mi, are unclear, but the qualitative 
behavior of m* /mi, with a minimum around vp = 13.4 
{ts = 2.3) resembles calculations of Fig. 10 in Ref. i3. 
Nonetheless, we estimate less than 20% increase in mass. 

Our results also reaffirm that extracting the Fermi en- 
ergy from the PL maximum and the Fermi edge of quan- 
tum wells gives inaccurate results and that a good line- 
shape fitting analysis is essential. Further, if we correct 
the values for the densities in Table I, deduced from vp 
assuming a bare mass, with the mass renormalization 
found in Fig. [51 we find for sample B Ug = 4.9x10^* cm^^ 
instead of 2.9x10" cm 



B. Collective and single-particle behavior 

We have shown in section IV.B.l that the Raman scat- 
tering measurements identify both collective and single- 
particle behavior of a spin-polarized 2DEG, whereas for 
the magneto-PL measurements given in section IV. B. 2, 
only the bare Zeeman splitting Z was extracted. Val- 
ues of Z obtained from the PL lineshape in the Voigt 
and Faraday configurations, as well as Z* from Raman 
scattering are plotted in Fig. [9] as a function of Z from 
Raman scattering. In that figure, the Z values extracted 
from the PL measurements are consistent with the Ra- 
man scattering values. The analysis was repeated for the 
samples listed in Table I and the results were found to be 
consistent: that is, the PL lineshape gives only Z and not 
Z*. As Z is associated with a spin- flip energy related to 
collective excitations, we might conclude that collective 
effects influence the PL behavior. 

To understand the magneto-PL behavior, let us con- 
sider the various transition processes that occur. We fol- 
low the evolution of the PL profile, shown in Fig. [TUl fol- 




1 2 3 4 5 
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FIG. 9: Energy values for Z* (solid squares) from the Ra- 
man scattering spectra shown in Fig. [3] and Zpl from the PL 
lineshape in the Voigt (open circles) from Fig. [5] and in the 
Faraday configurations (open squares) from Fig. [7] for sam- 
ple B plotted against Z from Raman scattering (see Fig. [Si . 
The Zpi, values lie on the solid line indicating that they are 
equivalent to Z from Raman scattering. 
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FIG. 10: Schematic diagram of the optical transition pro- 
cesses occurring in Fig. [5] Panel (1) is the initial state and 
panel (2) is the final state. Electrons are represented by solid 
spheres and holes are represented by open circles. 
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lowing the work of Kossacki and co-authors for holesi^i 
This figure shows the representation of many-body states 
in a quantum well. In the initial state, shown in panel 
(1), a photon is absorbed by an electron creating a hole in 
the first heavy-hole spin split subband. In the final state, 
panel (2), a photon is emitted with two possibilities aris- 
ing: a) an electron in the spin-up band recombines with 
the hole or b) an electron in the spin-down band recom- 
bines with the hole leaving an unfilled space in either 
spin-up or spin-down bands. The difference between the 
energies of the spin- up (E^) and spin-down (E^) transi- 
tions, which are shown experimentally in Fig.Ol^b) for the 
TTo transition and Fig. [5fa) for the ctq transition of section 
IV. B. 2, is exactly the bare Zeeman splitting energy. This 
is possible, if, the final state in the transition E^ is an 
excited state of a g = spin-flip wave whose energy is 
Z. Hence, the difference between the transitions for the 
spin- up and the spin-down subbands yield Z and not Z* . 
We therefore conclude that the PL spectra is insensitive 
to the exchange modified spin splitting Z* but exhibit 
collective recombination processes. Additionally, we con- 
clude that Raman scattering provides a better measure 
of both the Zeeman splitting Z and the modified Zeeman 
energy due to Coulomb interactions Z* .^-j^^^ 
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FIG. 11: (color online) C, values obtained from PL and Raman 
scattering for (a) sample C and (b) sample B. i^o, Haman = 

.Zjiaman/2i?F, Raman, Cllaman = (Z ) Jiaman /2i?F, Raman and 

C,PL was obtained from the width of the PL in the a and 
the TT configuration (see Fig. [SJ . C,7:c and (solid black lines) 
are the theoretical values for the interacting and bare spin 
polarization degrees, respectively. Ci^cneuj and Co,netu (orange 
dot-dash curve and black dotted line) are the corrected values 
obtained using the mass correction of Fig. |8] 



C. Determination of the spin polarization degree 
from Raman scattering and PL 

We now turn to the determination of the spin polar- 
ization degree C from Raman scattering and PL. Con- 
sider the magneto-PL measurements in Fig. [S]of section 
IV. B. 2. Assuming a two-dimensional parabolic band for 
each spin-split subband and the same mass renormaliza- 
tion for each, then from the PL lineshape, the density 
of spin-up electrons oc E^ and that for spin-down 
electrons n| oc E^ where = a^dge — ao — Sw and 
i?l = TTedge ~ T^o ~ 5w are the PL linewidths in the a and 
the TT polarizations, respectively. Here Sw PL peak - 
Eg) is broadening due to disorder effects on the low en- 
ergy side of the magneto-PL spectra (see Fig. [SJa) and 
(b)). For an in-plane magnetic field, the hole orbit is not 
quantized, implying that the localization length is un- 
changed. This assumes that broadening due to disorder, 
localized in the hole band, is independent of the applied 
magnetic field while localization occurs in plane4^ Since 
the heavy-hole splitting is small in the Voigt configura- 
tion, we can assume the same disorder effect for both 
heavy- hole spin split bands. We therefore approximate 
the width contribution 5w to 7 (the energy fluctuation 
parameter for zero magnetic field disorder contribution 
to the PL width obtained in section IV. A). 

From Eq. ([1]) in the introduction, C, can be rewritten 

as 

{E^-E^)/(E^+E^). (8) 

The values of C obtained by this means, labeled ^pl, 
assume an equal mass renormalization for both spin 



population, independent of the spin polarization degree. 
This is certainly valid for intermediate spin polarization 
degree42. These values are plotted in Fig. [TIT a) for sam- 
ple C and in Fig. [TlTb) for sample B as a function of the 
bare Zeeman energy Z from Raman scattering. We also 
define a spin polarization degree based on Raman scat- 
tering values as CRaman = "■^'Raman/^^F, Raman(O) and 

spin polarization degree based on both Raman scatter- 
ing and PL defined as C* = 2'*/2i?F, pl(0), where we 
have used the Fermi energy value obtained from the PL 
lineshape fitting and Z* from Raman scattering. Here 
^'F, Raman (0) [and similarly E^^ pl(0)] are the zero mag- 
netic field values obtained in section IV. A. C* is shown 
as blue solid triangles in Fig. fnTbl and is found to be 
comparable to Cpl in both samples. 

To gain insight, we make a comparison with an exact 
theory of the spin polarization degrecj ^"^'^^ For this, we 
define the bare spin polarization Co = —Zmb/h'^{2'Kns) 
of a non-interacting electron gas and its corresponding 
value Cxc for the interacting case. The former quantity is 

expected to match Co.Raman = ■^Raman/2£'F, Raman 

(0) as 

Ep, Raman (0) is defined using the bare mass. The latter 
quantity (^xc is the real spin polarization degree of the 
spin polarized 2DEG and is known to be enhanced due to 
exchange and correlation effects, and corrected for finite 
thickness of the quantum welli^i^ We compare in FigfTT] 
the theoretical values for the spin polarization degrees Cxc 
and Co with the experimental ones as a function of Z. To 
calculate the theoretical ratio Cxc/ Co , we have used the 
model of Ref. [2^ and the densities given in Table I. 

In Fig fTTT a) for sample C, the PL values (as well as 
the Raman values) for the spin polarization degree agree 
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well with the model. The good agreement validates the 
fact that the Fermi energy values obtained from Raman 
scattering and PL are identical for sample C. In the case 
of sample B in Fig. [TIT b). the Cpl values are lower than 
the Raman scattering values and all values (including the 
CRaman values) are in poor agreement with the model. We 
suspect the strong mass renormalization found in Fig. [H] 
for this sample (and sample A) to be at the origin of 
this inconsistency. Indeed, densities given in Table I are 
determined from vp, which does not take into account 
the mass renormalization found in Fig. [51 If wc now 
correct all densities for the mass, hence the new density 
n2D = {m* /miiY * ng, and recalculate the spin polariza- 
tion degrees with the new densities, we find no change for 
sample C, but significant changes for sample B (shown 
as orange dot-dash line labeled C,xc,new and black dotted 
line labeled Co.neu; in Fig fTTj) . such that the results be- 
come consistent. Hence, the calculated renormalized spin 
polarization degree is now comparable with Qpl and C*. 

We conclude that that Cpl and C* are reliable esti- 
mations of the spin-polarization degree. Furthermore, 
our results suggest that the Fermi energy values obtained 
from the PL lineshape fitting analysis can be trusted. On 
the other hand, the Raman scattering determination of 
the Fermi energy and C, using the bare mass, has to be 
corrected for the mass renormalization. 

Finally, we point out that in Fig. [TT] and for the same 
manganese concentration, the spin polarization degree 
shows an inverse relationship with the electron density, 
when comparing Fig. IllT a) and Fig. IllT b) on the same 
vertical scale. This behavior is predicted rather well by 
the Raman scattering and PL results. 

VI. CONCLUSIONS 

We have performed a comparative study on a spin- 
polarized 2DEG using resonant electronic Raman scat- 
tering and PL. Three key observations were made af- 
ter measuring the Fermi velocity, the Fermi energy, the 
Zeeman energies and the spin-polarization degree. First, 



assuming a parabolic band, the Fermi velocity and the 
Fermi energy measured from Raman scattering was com- 
parable to that measured from the PL lineshape for mod- 
erate electron densities, whereas for large electron densi- 
ties, the values differ unless a renormalized mass was in- 
troduced. Secondly, discrepancy in the spin polarization 
degree C also occurs for the samples showing this differ- 
ence in the Fermi energy value. The discrepancies are 
attributed to the mass renormalization, which we have 
defined as the ratio between the Fermi energies extracted 
from PL and that deduced from Raman scattering. We 
checked the consistency of this result by a comparison 
with an exact model of the spin polarization. A good 
agreement was obtained after the density, extracted from 
fp, was corrected for the mass renormalization. Our re- 
sults suggest that the effective mass is modified in the 
presence of many-body electron-electron interaction for 
the range of values studied, though this range is small. 

Thirdly, the magneto-PL lineshape gives Z instead 
of Z* , contradictory to what we expect. Using a phe- 
nomenological analysis, we showed that the PL lineshape 
is insensitive to the exchange modified spin splitting Z* 
but is influenced by collective effects. 

From the above analysis, we conclude that Raman 
scattering determines vy and directly measures the bare 
and the renormalized Zeeman splitting accurately while 
PL provides accurate determination of the Fermi energy 
and the bare Zeeman splitting energy. In addition, the 
PL lineshape gives a good estimate of the renormalized 
spin polarization for low spin polarized systems, while 
for the high spin polarized case, determination of the 
spin polarization degree requires knowledge of Z* from 
Raman scattering and the Fermi energy from PL. 
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